Ion energy analyzers have become a standard diagnostic tool in processing plasmas, laboratory plasma experiments, and on satellite and rocket payloads. [1] [2] [3] [4] [5] [6] They allow for reliable measurements of ion velocity distributions, detection of beams, and determination of the plasma potential.
1,2 The housing of an analyzer is often grounded, which can result in a large bias with respect to the plasma potential, and strong acceleration of plasma particles through the sheath. 7 An example is the retarding field energy analyzer ͑RFEA͒, in which a series of biased grids is used to determine the energy of a particle entering the orifice. 2, 8 RFEAs are often used for diagnostics of ions because the derivative of the ion current to the collector with respect to the discriminator bias is proportional to the ion velocity distribution.
For the analysis of experimental data, a simplified, onedimensional theory is usually applied, 1 and it is assumed that the result corresponds to the particle energy. This could be argued for directional energy analyzers with capillary plates or focusing devices, [9] [10] [11] or effectively one-dimensional systems with fast beams or strong magnetic fields. 8 However, usually, energy analyzers measure the particle momentum in the direction normal to the aperture, 12, 13 and the resulting current does not need to reflect the total energy of the particles. In this letter we will use a term one-dimensional ion distribution function ͑IDF x ͒ when referring to the derivative of the ion current to the analyzer.
It has been shown theoretically that the acceptance angle can modify the ion current, and therefore lead to changes in the IDF x . 12, 13 Thus, this problem is crucial for data analysis. The energy analyzers can have different, but in most cases fixed geometry of orifices. 6, 9, 11 The design of an analyzer with varied acceptance angle is challenging, and thus it is also difficult to study experimentally the role of this angle in the measurements with ion energy analyzers.
We address the problem of the acceptance angle in the measurements with ion energy analyzers with particle-in-cell ͑PIC͒ numerical simulations. We employ the DIP3D code, which has been designed for simulations of objects in complex plasma environments. [14] [15] [16] For the present study, the code has been upgraded to account also for an external uniform magnetic field, 17 and collisions. 18 We simulate argon plasma with parameters close to the conditions in the helicon plasma device Njord. 19 The plasma density is n =10 14 m −3 , and the neutral gas density n n =2ϫ 10 19 m −3 . The electron and ion temperatures are T e = 7 eV and T i = 0.7 eV, respectively, resulting in the Debye length D = 0.6 mm. The plasma is weakly magnetized with B = 0.1 mT. For these plasma parameters, we consider plasma that is stationary or flowing with a subsonic velocity along the x axis.
A spherical analyzer of diameter d Ϸ 1.1 cm is placed in the center of the simulation box of length L = 10 cm in each direction. The orifice of radius a / d Ϸ 0.1 and varied acceptance angle is directed either upstream or downstream. The scheme of numerical environment is shown in Fig. 1 . Note that this geometry is similar to some electrostatic probes. 20, 21 The surface of the analyzer is equipotential, and its potential is set ⌽ = −45 V with respect to the plasma potential, in order to simulate the experimental condition of a grounded analyzer in an electropositive plasma. IDF x 's obtained for stationary plasma and different acceptance angles are shown in Fig. 2͑a͒ . We assume that there are no focusing effects inside the analyzer, and all plasma particles entering the orifice contribute to the current. The corresponding ion energy distribution function, obtained from the total momentum of the particles entering the orifice, is shown in Fig. 2͑b͒ . The shape of the IDF x at lower energies, as well as the strength of the signal, changes with . Wide acceptance angles give stronger signals at the expense of developing a low energy tail in the IDF x , while for very small , the shape of the IDF x becomes similar to the ion energy distribution function. The low energy tails are due to ions entering the aperture at large inclination angles, so that a significant part of their momentum is in the tangential com- ponent of the velocity. With decreasing , the low energy tail in the IDF x diminishes, while the position of peak, and the shape of the IDF x for higher discriminator bias do not change significantly. This confirms that the low energy tail is an artifact due to the acceptance angle, which should be accounted for in the analysis of experimental data.
The effect of is more pronounced for flowing plasmas. The wake formation and bending of ion trajectories by electric fields in the sheath, often referred to as ion focusing, [20] [21] [22] can lead to a large tangential velocity component for particles reaching the rear of the analyzer. Thus, a wide acceptance angle of the analyzer facing downstream can result in an enhanced IDF x at low energies; see Fig. 3 . On the upstream side, the peak of the IDF x is shifted toward higher energies, and the effect of is less visible.
The influence of an acceptance angle on the shape of the IDF x at lower energies affects the measurements of the plasma potential with ion energy analyzers. The maximum of the IDF x should according to the one-dimensional theory correspond to the plasma potential, and then be the onset of the exponential decrease in the ion saturation current. 1, 23 The plasma potential is often chosen at the maximum of the Gaussian fit to the IDF x . 24, 25 Our simulations show that the peak in the IDF x is placed toward lower energies with respect to the plasma potential. The averaged potential profile cut through the simulation box for stationary plasma is shown in Fig. 2͑c͒ . From comparing it with Fig. 2͑a͒ , we see that the peak in the IDF x is at lower energies ͑mv 2 / 2 Ϸ 37 eV͒ than the total potential drop in the sheath and presheath ͑⌬⌽ =45 V͒. This shift is comparable to the electron energy, and could be associated with the potential drop in the presheath. We observe corresponding shifts also in simulations with other plasma parameters, as well as for collisionless plasmas. Thus the peak of the IDF x can be associated with the plasma potential in close vicinity to the analyzer. We note that some have used the end of the distribution as the plasma potential at the source, 23 indicating that these energies correspond to ions accelerated by the total potential drop in the system. In our simulations the plasma potential corresponds to the undisturbed Maxwellian plasma in the reservoirs adherent to the simulation box.
The position of a maximum in the IDF x ͑or an onset of the exponential decrease in the ion saturation current͒ is more robust and easily measured than the point referring to the plasma potential. Thus, it is a better candidate for determining the plasma potential, although one should acknowledge a systematic error toward lower potential values.
An ion beam provides yet another intricacy to the system. To demonstrate the importance of the opening angle for beam measurements, we simulate a typical plasma for beam conditions in the Njord device:
19 n = 2.5ϫ 10 16 m −3 , B = 0.02 T, T e = 4 eV, and T i = 0.4 eV. A supersonic beam of n =8ϫ 10 15 m −3 is introduced in the central part of the simulation box. Due to computational limitations, only a very small region can be simulated, L =4ϫ 10 −3 m in each direction, and the radius of the analyzer is 25 times smaller than in the laboratory experiment. However, it is still one order of magnitude larger than the Debye length. To ensure correct scaling ͑i.e., the analyzer is larger than the Debye length and the electron Larmor radius, and smaller than the ion Larmor radius and ion mean free path͒, we apply a stronger magnetic field ͑B = 0.6 T͒. The potential of the analyzer is again set at ⌽ = −45 V with respect to the plasma potential.
A supersonic beam leads to different signals from the front and rear of the analyzer, with the beam being detected on the front side. For large , a significant low energy component is present at the rear side, due to bending of beam particle trajectories. For = 90°, we observe good qualitative agreement between the results from simulation and laboratory experiment; see Fig. 4 . The measurements in the laboratory were done with RFEAs with Ϸ 80°. 26 We note that the present understanding of analyzers and probes in magne- tized plasmas is still limited. In our simulations a weak magnetic field was introduced only to reconstruct the experimental conditions, with ions being effectively unmagnetized. The object-plasma interactions in a strong magnetic field have recently been studied in other simulations. 27 With PIC simulations we studied the role of the acceptance angle on the ion distribution function obtained from measurements with ion energy analyzers. It has been demonstrated that the acceptance angle leads to an enhanced signal at lower energies, and that the position of the maximum in the ion distribution function, which is often used for determination of the plasma potential, can carry a systematic shift toward lower potential values. 
